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LIGO and the strange 
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FIG. 3. A Mollweide projection of the posterior probability
density for the location of the source in equatorial coordinates
(right ascension is measured in hours and declination is mea-
sured in degrees). The location broadly follows an annulus
corresponding to a time delay of ⇠ 3.0+0.4

�0.5 ms between the
Hanford and Livingston observatories. We estimate that the
area of the 90% credible region is ⇠ 1200 deg2.

FIG. 4. Posterior probability density for the source luminos-
ity distance DL and the binary inclination ✓JN . The one-
dimensional distributions include the posteriors for the two
waveform models, and their average (black). The dashed lines
mark the 90% credible interval for the average posterior. The
two-dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

values because of the greater preference for spins with
components antialigned with the orbital angular momen-
tum.

The final calibration uncertainty is su�ciently small
to not significantly a↵ect results. To check the impact
of calibration uncertainty, we repeated the analysis using
the e↵ective-precession waveform without marginalising

FIG. 5. Posterior probability densities for the e↵ective in-
spiral spin �e↵ for GW170104, GW150914, LVT151012 and
GW151226 [13], together with the prior probability distri-
bution for GW170104. The distribution for GW170104 uses
both precessing waveform models, but, for ease of compari-
son, the others use only the e↵ective-precession model. The
prior distributions vary between events, as a consequence of
di↵erent mass ranges, but the di↵erence is negligible on the
scale plotted.

FIG. 6. Posterior probability density for the final black hole
mass Mf and spin magnitude af . The one-dimensional dis-
tributions include the posteriors for the two waveform mod-
els, and their average (black). The dashed lines mark the
90% credible interval for the average posterior. The two-
dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.
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Adv.LIGO/VIRGO June release (supl. material)

• Unexpected large masses    
for GW150914

• 3 other events > 15 Msun    
(6 events not yet released)

• Inferred rates:                 
14-158 Gpc-3 yr-1 

• Non-aligned, low spins

�e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)
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• Unexpected large masses    
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• 3 other events > 15 Msun    
(6 events not yet released)

• Inferred rates:                 
14-158 Gpc-3 yr-1 

• Non-aligned, low spins

Confirmation of « a new population of black holes » 

two. The inferred component masses are shown in Fig. 2.
The formof the two-dimensional distribution is guidedby the
combination of constraints on M and M. The binary was
composed of two black holeswithmassesm1 ¼ 31.2þ8.4

−6.0M⊙
and m2 ¼ 19.4þ5.3

−5.9M⊙; these merged into a final black hole
of mass 48.7þ5.7

−4.6M⊙. This binary ranks second, behind
GW150914’s source [5,37], as themost massive stellar-mass
binary black hole system observed to date.
The black hole spins play a subdominant role in the

orbital evolution of the binary, and are more difficult to
determine. The orientations of the spins evolve due to
precession [62,63], and we report results at a point in the
inspiral corresponding to a gravitational-wave frequency of
20 Hz [37]. The effective inspiral spin parameter χeff ¼
ðm1a1 cos θLS1 þm2a2 cos θLS2Þ=M is the most important
spin combination for setting the properties of the inspiral
[64–66] and remains important through to merger [67–71];
it is approximately constant throughout the orbital evolu-
tion [72,73]. Here θLSi ¼ cos−1ðL̂ · ŜiÞ is the tilt angle
between the spin Si and the orbital angular momentum L,
which ranges from 0° (spin aligned with orbital angular
momentum) to 180° (spin antialigned); ai ¼ jcSi=Gm2

i j is
the (dimensionless) spin magnitude, which ranges from 0 to
1, and i ¼ 1 for the primary black hole and i ¼ 2 for the
secondary. We use the Newtonian angular momentum for
L, such that it is normal to the orbital plane; the total orbital
angular momentum differs from this because of post-
Newtonian corrections. We infer that χeff ¼ −0.12þ0.21

−0.30 .
Similarly to GW150914 [5,37,44], χeff is close to zero with
a preference towards being negative: the probability that
χeff < 0 is 0.82. Our measurements therefore disfavor a
large total spin positively aligned with the orbital angular
momentum, but do not exclude zero spins.
The in-plane components of the spin control the amount

of precession of the orbit [62]. This may be quantified by
the effective precession spin parameter χp which ranges
from 0 (no precession) to 1 (maximal precession) [39].
Figure 3 (left) shows the posterior probability density for
χeff and χp [39]. We gain some information on χeff ,
excluding large positive values, but, as for previous events
[3,5,37], the χp posterior is dominated by the prior (see
Sec. III of the Supplemental Material [11]). No meaningful
constraints can be placed on the magnitudes of the in-plane
spin components and hence precession.
The inferred component spin magnitudes and orienta-

tions are shown in Fig. 3 (right). The lack of constraints on
the in-plane spin components means that we learn almost
nothing about the spin magnitudes. The secondary’s spin is
less well constrained as the less massive component has a
smaller impact on the signal. The probability that the tilt
θLSi is less than 45° is 0.04 for the primary black hole and
0.08 for the secondary, whereas the prior probability is 0.15
for each. Considering the two spins together, the proba-
bility that both tilt angles are less than 90° is 0.05.

FIG. 3. Top: Posterior probability density for the effective
inspiral and precession spin parameters, χeff and χp. The
one-dimensional distributions show the posteriors for the two
waveform models, their average (black), and the prior distribu-
tions (green). The dashed lines mark the 90% credible interval for
the average posterior. The two-dimensional plot shows the 50%
and 90% credible regions plotted over the posterior density
function. Bottom: Posterior probabilities for the dimensionless
component spins, cS1=ðGm2

1Þ and cS2=ðGm2
2Þ, relative to the

normal of the orbital plane L̂. The tilt angles are 0° for spins
aligned with the orbital angular momentum and 180° for spins
antialigned. The probabilities are marginalized over the azimuthal
angles. The pixels have equal prior probability (1.6 × 10−3);
they are spaced linearly in spin magnitudes and the cosine
of the tilt angles. Results are given at a gravitational-wave
frequency of 20 Hz.
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LIGO and the strange 
BH mergers

• From star explosion

• Low-metallicity environment

• Super-dense clusters

• BUT:  why so massive? 

• BUT:  unrealistic rates

• Need a new model...

• Primordial

• Merging rates compatible 
with Dark-Matter-like  
abundance

• Low spins expected

• BUT:  very stringent 
observational constraints

The bright scenario The dark scenario



In March 2016...

• S. Bird et al., 1603.00464                                            
Monochromatic spectrum, extended halo mass function 

Most mergings
come from mini-halos

⌧merg ⇠ 2fHMFfDM (Mcrit.halo/400M�)
�11/21 Gpc�3yr�1
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FIG. 1. The PBH merger rate per halo as a function of
halo mass. The solid line shows the trend assuming the
concentration-mass relation from Ref. [27], and the dashed
line that from Ref. [26]. To guide the eye, the dot-dashed line
shows a constant BH merger rate per unit halo mass.

to be detectable by LIGO. This requirement imposes a
minimum impact parameter of roughly the Schwarzschild
radius. The fraction of BHs direct mergers is ⇠ v2/7 and
reaches a maximum of ⇠ 3% for v

pbh

= 2000 km s�1.
Thus, direct mergers are negligible. We also require that
once the binary is formed, the time until it merges (which
can be obtained from Ref. [29]) is less than a Hubble time.
The characteristic time it takes for a binary BH to merge
varies as a function of halo velocity dispersion. It can be
hours forM

vir

' 1012 M� or kyrs forM
vir

' 106 M�, and
is thus instantaneous on cosmological timescales. Given
the small size of the binary, and rapid time to merger,
we can neglect disruption of the binary by a third PBH
once formed. BH binaries can also form through non-
dissipative three-body encounters. The rate of these bi-
nary captures is non-negligible in small halos [19, 30],
but they generically lead to the formation of wide bina-
ries that will not be able to harden and merge within a
Hubble time. This formation mechanism should not af-
fect our LIGO rates. The merger rate is therefore equal
to the rate of binary BH formation, Eq. (8).

Fig. 1 shows the contribution to the merger rate,
Eq. (8), for two concentration-mass relations. As can
be seen, both concentration-mass relations give similar
results. An increase in halo mass produces an increased
PBH merger rate. However, less massive halos have a
higher concentration (since they are more likely to have
virialized earlier), so that the merger rate per unit mass
increases significantly as the halo mass is decreased.

To compute the expected LIGO event rate, we con-
volve the merger rate R per halo with the mass func-
tion dn/dM . Since the redshifts (z . 0.3) detectable by
LIGO are relatively low we will neglect redshift evolution
in the halo mass function. The total merger rate per unit

FIG. 2. The total PBH merger rate as a function of halo
mass. Dashed and dotted lines show di↵erent prescriptions
for the concentration-mass relation and halo mass function.

volume is then,

V =

Z
(dn/dM)(M)R(M) dM. (10)

Given the exponential fallo↵ of dn/dM at high masses,
despite the increased merger rate per halo suggested in
Fig. 1, the precise value of the upper limit of the inte-
grand does not a↵ect the final result.
At the lower limit, discreteness in the DM particles

becomes important, and the NFW profile is no longer a
good description of the halo profile. Furthermore, the
smallest halos will evaporate due to periodic ejection of
objects by dynamical relaxation processes. The evapora-
tion timescale is [33]

t
evap

⇡ (14N/ lnN ) [R
vir

/(C v
dm

)] , (11)

where N is the number of individual BHs in the halo, and
we assumed that the PBH mass is 30M�. For a halo of
mass 400M�, the velocity dispersion is 0.15 km sec�1,
and the evaporation timescale is ⇠ 3 Gyr. In prac-
tice, during matter domination, halos which have already
formed will grow continuously through mergers or accre-
tion. Evaporation will thus be compensated by the ad-
dition of new material, and as halos grow new halos will
form from mergers of smaller objects. However, during
dark-energy domination at z . 0.3, 3 Gyr ago, this pro-
cess slows down. Thus, we will neglect the signal from
halos with an evaporation timescale less than 3 Gyr, cor-
responding toM < 400M�. This is in any case 13 PBHs,
and close to the point where the NFW profile is no longer
valid.
The halo mass function dn/dM is computed using both

semi-analytic fits to N-body simulations and with an-
alytic approximations. Computing the merger rate in
the small halos discussed above requires us to extrapo-
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• S. Bird et al., 1603.00464                                            
Monochromatic spectrum, extended halo mass function 

• S.C., J. Garcìa-Bellido, 1603.05234                                            
Broad mass spectrum, natural clustering scale

• M. Sasaki et al., 1603.08338                                                
Monochromatic spectrum, BH binaries from Early Universe 
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or Globular Clusters

cannot be the 
Dark Matter 

except if PBHs are
initially clustered

Most mergings
come from mini-halos
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Faint dwarf galaxies detected by DES



A good Dark Matter 
candidate

• Do not emit light by 
nature

• Non-relativistic

• Nearly collisionless

• Formed in the early 
Universe  
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Sébastien Clesse (RWTH) Hybrid Inflation and PBH formation 11

•  Fast waterfall:  usual regime, less than 1-efold,  disfavored
•  Mild waterfall:  inflation continues (>60 e-folds),  ruled out 
•  Transitory case:  a few tens of e-folds, CMB probes the valley



A formation model 
from Hybrid Inflation

It’s like playing mini-golf... but the goal is to avoid the holes!Dark Matter

Primordial Black
Holes

Massive PBH -
Seeds of galaxies

Introduction to
inflation

Hybrid Inflation
and PBH
formation

Possible link with
the LIGO
discovery

Conclusion and
Perspectives

Hybrid Inflation

It’s like playing mini-golf... but the goal is to avoid the holes!

Fast waterfall : usual regime (less than 1-efold) ! DISFAVORED
Mild waterfall : inflation continues... (> 60 e-folds) ! RULED OUT
Transitory case: a few tens of e-folds (CMB ! inflation in the valley)
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Along  = 0, experts will recognize the first terms of a Taylor expansion
of logarithmic radiative corrections (as in F-term, D-term, loop inflation)
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Primordial spectrum 
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Our model - PBH mass spectrum

...and let PBH evolve until matter-radiation equality....

10!20 10!15 10!10 10!5 1 105
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

M PBH! M
!

Β
eq

Surprisingly, reasonable values of ⇣c ! Dark Matter abundance

Relatively broad spectrum, PBH mass related to the parameter µ1

Open question: how e�cient is PBH merging from this time?

Sébastien Clesse (RWTH) Hybrid Inflation and PBH formation 15

Primordial spectrum 
of curvature fluctuations

Collapsed fraction 
at the matter-radiation equality

Dark Matter

Primordial Black
Holes

Massive PBH -
Seeds of galaxies

Introduction to
inflation

Hybrid Inflation
and PBH
formation

Possible link with
the LIGO
discovery

Conclusion and
Perspectives

Our model - PBH mass spectrum

...and let PBH evolve until matter-radiation equality....

10!20 10!15 10!10 10!5 1 105
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

M PBH! M
!

Β
eq

Surprisingly, reasonable values of ⇣c ! Dark Matter abundance

Relatively broad spectrum, PBH mass related to the parameter µ1

Open question: how e�cient is PBH merging from this time?
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Constraints on PBH abundances
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FIG. 1. Upper left panel: Constraints from di↵erent observations on the fraction of PBH DM, fPBH ⌘ ⌦PBH/⌦DM, as a function
of the PBH mass Mc, assuming a monochromatic mass function. The purple region on the left is excluded by evaporations [8],
the red region by femtolensing of gamma-ray bursts (FL) [37], the brown region by neutron star capture (NS) for di↵erent values
of the dark matter density in the cores of globular clusters [38], the green region by white dwarf explosions (WD) [39], the blue,
violet, yellow and purple regions by the microlensing results from Subaru (HSC) [40], Kepler (K) [41], EROS [42] and MACHO
(M) [43], respectively. The dark blue, orange, red and green regions on the right are excluded by Planck data [34], survival of
stars in Segue I (Seg I) [44] and Eridanus II (Eri II) [45], and the distribution of wide binaries (WB) [46], respectively. Other
panels: Same as the upper left panel but for a lognormal PBH mass function (upper right) with � = 2, and for a power law
PBH mass function with � = �1 (lower left) and � = 1 (lower right).

for the two extreme cases, ✏ = 0.4 (solid purple line) [48]
and ✏ = 0.1 (dotted purple line) [49].

The Cosmic Microwave Background (CMB) anisotropy
constraints on PBH accretion are subject to uncertain-
ties in the accretion process and its e↵ect on the thermal
history of the universe at early times. To account for
this, we show the bounds for both collisional ionisation
(solid dark blue line) and photoionisation (dotted dark
blue line) [34]. Recently, another sort of accretion limit
has been obtained in the mass range from a few to 107M

�

on the grounds that PBH accretion from the interstellar
medium should result in a significant population of X-ray
sources [50]. Indeed, several earlier papers have consid-
ered such a limit [51, 52]. However, all these limits are

very dependent on the accretion scenario and are there-
fore not shown.

Lensing is the only phenomenon which has been
claimed to provide positive evidence for PBHs. For ex-
ample, the results of the MACHO project originally sug-
gested halo DM in the form of 0.5M

�

objects [53] and
these could plausibly be PBHs formed at the quark-
hadron phase transition at 10�5s. However, the DM frac-
tion was later reduced to 20% [54]. The interpretation
of the MACHO and EROS results is very sensitive to
the properties of the Milky Way halo. In particular, it
has been argued that the recent low-mass Galactic halo
models would relax the constraints and allow the halo to
consist entirely of solar mass PBHs [55]. Where only a
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matic PBH mass functions and discussing possible
caveats associated with their interpretation. Our com-
putations cover the broad mass range 10�18 � 104M

�

and show that extended mass functions do not generally
alleviate the already existing constraints on the PBH DM
fraction, because the allowed fraction decreases with in-
creasing the width of the mass function. We have identi-
fied three mass windows where an appreciable fraction of
DM can still consist of PBHs: 5⇥10�16M

�

, 2⇥10�14M
�

and 25 � 100M
�

. If all the constraints discussed in the
literature are taken at face value and treated on an equal
footing, then at most O(10%) of DM can be in PBHs.
However, if some of the dynamical constraints can be

circumvented, then 100% PBH DM might be allowed in
these windows. Even O(10%) DM in the O(10)M

�

win-
dow might su�ce to explain the LIGO events.

ACKNOWLEDGEMENTS

We thank Juan Garcia-Bellido, Gert Hütsi and Luca
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M. Kamionkowski, E. D. Kovetz, A. Raccanelli, and

A. G. Riess, Phys. Rev. Lett. 116, 201301 (2016),
arXiv:1603.00464 [astro-ph.CO].
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M. Kamionkowski, E. D. Kovetz, A. Raccanelli, and

A. G. Riess, Phys. Rev. Lett. 116, 201301 (2016),
arXiv:1603.00464 [astro-ph.CO].
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Five hints for PBH-DM

• MCMC mass spectrum 
reconstruction from LIGO 
events and rates

• Event likelihood peaks on large 
masses: LIGO detectability 
scales like inverse distance

Hint 1: PBH rates and mass spectrum reconstruction

ERI II



Five hints for PBH-DM
Hint 2: Black Hole spins

III PARAMETER INFERENCE

FIG. 3. A Mollweide projection of the posterior probability
density for the location of the source in equatorial coordinates
(right ascension is measured in hours and declination is mea-
sured in degrees). The location broadly follows an annulus
corresponding to a time delay of ⇠ 3.0+0.4

�0.5 ms between the
Hanford and Livingston observatories. We estimate that the
area of the 90% credible region is ⇠ 1200 deg2.

FIG. 4. Posterior probability density for the source luminos-
ity distance DL and the binary inclination ✓JN . The one-
dimensional distributions include the posteriors for the two
waveform models, and their average (black). The dashed lines
mark the 90% credible interval for the average posterior. The
two-dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

values because of the greater preference for spins with
components antialigned with the orbital angular momen-
tum.

The final calibration uncertainty is su�ciently small
to not significantly a↵ect results. To check the impact
of calibration uncertainty, we repeated the analysis using
the e↵ective-precession waveform without marginalising

FIG. 5. Posterior probability densities for the e↵ective in-
spiral spin �e↵ for GW170104, GW150914, LVT151012 and
GW151226 [13], together with the prior probability distri-
bution for GW170104. The distribution for GW170104 uses
both precessing waveform models, but, for ease of compari-
son, the others use only the e↵ective-precession model. The
prior distributions vary between events, as a consequence of
di↵erent mass ranges, but the di↵erence is negligible on the
scale plotted.

FIG. 6. Posterior probability density for the final black hole
mass Mf and spin magnitude af . The one-dimensional dis-
tributions include the posteriors for the two waveform mod-
els, and their average (black). The dashed lines mark the
90% credible interval for the average posterior. The two-
dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

4

�e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)

two. The inferred component masses are shown in Fig. 2.
The formof the two-dimensional distribution is guidedby the
combination of constraints on M and M. The binary was
composed of two black holeswithmassesm1 ¼ 31.2þ8.4

−6.0M⊙
and m2 ¼ 19.4þ5.3

−5.9M⊙; these merged into a final black hole
of mass 48.7þ5.7

−4.6M⊙. This binary ranks second, behind
GW150914’s source [5,37], as themost massive stellar-mass
binary black hole system observed to date.
The black hole spins play a subdominant role in the

orbital evolution of the binary, and are more difficult to
determine. The orientations of the spins evolve due to
precession [62,63], and we report results at a point in the
inspiral corresponding to a gravitational-wave frequency of
20 Hz [37]. The effective inspiral spin parameter χeff ¼
ðm1a1 cos θLS1 þm2a2 cos θLS2Þ=M is the most important
spin combination for setting the properties of the inspiral
[64–66] and remains important through to merger [67–71];
it is approximately constant throughout the orbital evolu-
tion [72,73]. Here θLSi ¼ cos−1ðL̂ · ŜiÞ is the tilt angle
between the spin Si and the orbital angular momentum L,
which ranges from 0° (spin aligned with orbital angular
momentum) to 180° (spin antialigned); ai ¼ jcSi=Gm2

i j is
the (dimensionless) spin magnitude, which ranges from 0 to
1, and i ¼ 1 for the primary black hole and i ¼ 2 for the
secondary. We use the Newtonian angular momentum for
L, such that it is normal to the orbital plane; the total orbital
angular momentum differs from this because of post-
Newtonian corrections. We infer that χeff ¼ −0.12þ0.21

−0.30 .
Similarly to GW150914 [5,37,44], χeff is close to zero with
a preference towards being negative: the probability that
χeff < 0 is 0.82. Our measurements therefore disfavor a
large total spin positively aligned with the orbital angular
momentum, but do not exclude zero spins.
The in-plane components of the spin control the amount

of precession of the orbit [62]. This may be quantified by
the effective precession spin parameter χp which ranges
from 0 (no precession) to 1 (maximal precession) [39].
Figure 3 (left) shows the posterior probability density for
χeff and χp [39]. We gain some information on χeff ,
excluding large positive values, but, as for previous events
[3,5,37], the χp posterior is dominated by the prior (see
Sec. III of the Supplemental Material [11]). No meaningful
constraints can be placed on the magnitudes of the in-plane
spin components and hence precession.
The inferred component spin magnitudes and orienta-

tions are shown in Fig. 3 (right). The lack of constraints on
the in-plane spin components means that we learn almost
nothing about the spin magnitudes. The secondary’s spin is
less well constrained as the less massive component has a
smaller impact on the signal. The probability that the tilt
θLSi is less than 45° is 0.04 for the primary black hole and
0.08 for the secondary, whereas the prior probability is 0.15
for each. Considering the two spins together, the proba-
bility that both tilt angles are less than 90° is 0.05.

FIG. 3. Top: Posterior probability density for the effective
inspiral and precession spin parameters, χeff and χp. The
one-dimensional distributions show the posteriors for the two
waveform models, their average (black), and the prior distribu-
tions (green). The dashed lines mark the 90% credible interval for
the average posterior. The two-dimensional plot shows the 50%
and 90% credible regions plotted over the posterior density
function. Bottom: Posterior probabilities for the dimensionless
component spins, cS1=ðGm2

1Þ and cS2=ðGm2
2Þ, relative to the

normal of the orbital plane L̂. The tilt angles are 0° for spins
aligned with the orbital angular momentum and 180° for spins
antialigned. The probabilities are marginalized over the azimuthal
angles. The pixels have equal prior probability (1.6 × 10−3);
they are spaced linearly in spin magnitudes and the cosine
of the tilt angles. Results are given at a gravitational-wave
frequency of 20 Hz.

PRL 118, 221101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
2 JUNE 2017

221101-4

Point towards a capture process and relatively low spins



Five hints for PBH-DM

• If most PBHs have stellar 
masses, dynamical heating is 
naturally reduced

• On the other hand, the 
existence of stable star 
clusters is fine-tuned for 
particle dark matter: 
Amorisco 1704.06262

• Star survival in ERI II cluster 
challenge particle dark 
matter:  Contena et al, 
1705.01820

• Re-analysis and N-body 
simulations in progress...

Hint 3: Star clusters in faint dwarf galaxies
2

FIG. 1: Left: The evolved stellar deficit as a function of radius in Segue 1 for various fractions fDM of black hole dark matter
and black hole masses mBH. The deficit increases as fDM and mBH increase. Right: Projected stellar surface density of Segue
1. Data points represent the observed surface density [38]. Black curve shows the case with no black hole dark matter. Line
types and colors correspond to the same choices as in the left panel.

due to their scattering o↵ black holes is [45]
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logarithm, andG is the gravitational constant. The mean
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Substituting Eq. (1) in Eq. (2) and integrating by parts
we get [45],

dEs
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p
96⇡G2ms⇢BH ln⇤

[hv2si+ hv2BHi]3/2
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mBHhv2BHi �mshv2si

⇤
.

(3)
Equation (3) shows that when mBHhv2BHi = mshv2si
there is no energy exchange between the two popula-
tions. If hv2BHi ⇡ hv2si ⌘ �2, the timescale for stars and
black holes to reach equipartition is trelax = Es/(dEs/dt)
which based on the virial theorem can be written as
tr ⇡ (N/8 lnN)⌧c, where ⌧c = r/� is the crossing time
and N is the number of particles. If the system is domi-
nated by black holes (as is the case here), then stars will
reach equipartition soon as the black holes establish a
collisional steady state.

For Segue 1, � = 3.9km s�1, the half light radius is 29
pc, and the mass within half light radius is 2.6⇥105 [30].

Assuming that 10% of dark matter is in black holes of
mass mBH = 30M�, the ratio of relaxation time to Hub-
ble time is ⇠ 0.01. Thus, mass segregation and equipar-
tition must have already taken place in Segue 1 by the
present epoch1. Other dwarf galaxies with similar relax-
ation times are Bootes II, Segue II, Wilman 1, Coma and
Canes Venatici II. All other known dwarf galaxies have
relaxation times that are at least a factor of 10 higher.
We proceed by assuming that the initial distribution of

stars is described by a Plummer profile. This is justified
for two reasons: first, Plummer profiles are known to be
acceptable fits to the present-day distribution of stars in
dwarf galaxies, and second, a Plummer profile has an
inner core. Anything steeper than a cored profile such
as Plummer will exhibit even more severe e↵ects of mass
segregation2.
We follow Brandt [28] and calculate the evolution of

radial shells by using the virial theorem and the di↵usion
coe�cient for weak scattering of stars o↵ black holes (see
also [44]). The di↵erential equation that governs the evo-
lution of radial mass shells as a function of time is then

dr

dt
=

4
p
2⇡GfDMmBH

�
ln⇤

✓
↵

Ms

⇢DM r2
+ 2� r

◆�1

.

(4)
We adopt for Segue 1 ↵ = 0.4, � = 10 (see Brandt [28])

1 The quoted relaxation time is directly proportional to the frac-
tion of dark matter in black holes. If for example the fraction of
dark matter is 100% (1%) the ratio of relaxation time to Hubble
time is ⇠ 0.1 (⇠ 0.001).

2 An exponential profile can also be used (see [46]), with similar
results.

2

FIG. 1: Left: The evolved stellar deficit as a function of radius in Segue 1 for various fractions fDM of black hole dark matter
and black hole masses mBH. The deficit increases as fDM and mBH increase. Right: Projected stellar surface density of Segue
1. Data points represent the observed surface density [38]. Black curve shows the case with no black hole dark matter. Line
types and colors correspond to the same choices as in the left panel.

due to their scattering o↵ black holes is [45]

h�Eis = vsh�vs,ki+
1

2
h(�vs,k)

2i+ 1

2
h(�vs,?)2i (1)

=
4⇡G2 mBH ⇢BH ln⇤

vs

⇥

� ms

mBH
erf(X) +

✓
1 +

ms

mBH

◆
X erf 0(X)

�
,

where prime denotes a derivative with respect to X,
X ⌘ v/

p
2�BH, �2

BH = hv2
BHi, ln⇤ ⇡ 10 is the Coulomb

logarithm, and G is the gravitational constant. The mean
change of kinetic energy of the stars Es = mshvs

2i/2 is

dEs

dt
=

r
2

⇡

1

�3
s

Z 1

0

msh�Eis v2
se�v2

s/2�2
sdvs. (2)

Substituting Eq. (1) in Eq. (2) and integrating by parts
we get [45],

dEs

dt
=

p
96⇡G2ms⇢BH ln⇤

[hv2
si+ hv2

BHi]3/2

⇥
mBHhv2

BHi � mshv2
si

⇤
.

(3)
Equation (3) shows that when mBHhv2

BHi = mshv2
si

there is no energy exchange between the two popula-
tions. If hv2

BHi ⇡ hv2
si ⌘ �2, the timescale for stars and

black holes to reach equipartition is trelax = Es/(dEs/dt)
which based on the virial theorem can be written as
tr ⇡ (N/8 lnN)⌧c, where ⌧c = r/� is the crossing time
and N is the number of particles. If the system is domi-
nated by black holes (as is the case here), then stars will
reach equipartition soon as the black holes establish a
collisional steady state.

For Segue 1, � = 3.9km s�1, the half light radius is 29
pc, and the mass within half light radius is 2.6⇥105 [30].

Assuming that 10% of dark matter is in black holes of
mass mBH = 30M�, the ratio of relaxation time to Hub-
ble time is ⇠ 0.01. Thus, mass segregation and equipar-
tition must have already taken place in Segue 1 by the
present epoch1. Other dwarf galaxies with similar relax-
ation times are Bootes II, Segue II, Wilman 1, Coma and
Canes Venatici II. All other known dwarf galaxies have
relaxation times that are at least a factor of 10 higher.
We proceed by assuming that the initial distribution of

stars is described by a Plummer profile. This is justified
for two reasons: first, Plummer profiles are known to be
acceptable fits to the present-day distribution of stars in
dwarf galaxies, and second, a Plummer profile has an
inner core. Anything steeper than a cored profile such
as Plummer will exhibit even more severe e↵ects of mass
segregation2.
We follow Brandt [28] and calculate the evolution of

radial shells by using the virial theorem and the di↵usion
coe�cient for weak scattering of stars o↵ black holes (see
also [44]). The di↵erential equation that governs the evo-
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1 The quoted relaxation time is directly proportional to the frac-
tion of dark matter in black holes. If for example the fraction of
dark matter is 100% (1%) the ratio of relaxation time to Hubble
time is ⇠ 0.1 (⇠ 0.001).

2 An exponential profile can also be used (see [46]), with similar
results.

Segue 1 projected surface density,
Koushiappas & Loeb, 1704.01668 
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• 56 microlensing events in 
M31:  between 15% and 30% 
of halo compact objects in 
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For 39 expected events, The upper limit is then τlmc < 0.36 ×
10−7. The limit on τlmc as a function of M is shown in Figure
15b. In the tE range favored by the MACHO collaboration, we
find

τlmc < 0.36 × 10−7 ×
[

1 + log(M/0.4M⊙)
]

95%CL , (17)

i.e.

f < 0.077 ×
[

1 + log(M/0.4M⊙)
]

95%CL , (18)

where f ≡ τlmc/4.7 × 10−7 is the halo mass fraction within the
framework of the S model. This limit on the optical depth is
significantly below the value for the central region of the LMC
measured by the MACHO collaboration (Alcock et al. 2000b),
τlmc/10−7 = 1.2+0.4

−0.3(stat.) ± 0.36(sys.) and the revised value of
Bennett (2005), τlmc/10−7 = 1.0±0.3. The Alcock et al. (2000b)
optical depth used for the entire LMC predicts that EROS would
see ∼ 9 LMC events whereas none are seen.

For the SMC, the one observed event corresponds to an opti-
cal depth of 1.7 × 10−7 (Nstar = 0.86× 106). Taking into account
only Poisson statistics on one event, 0.05 < Nobs < 4.74 (90%
CL) this gives

0.085 × 10−7 < τsmc < 8.0 × 10−7 90%CL . (19)

This is consistent with the expectations of lensing by objects in
the SMC itself, τsmc ∼ 0.4 × 10−7 (Graff & Gardiner 1999). The
value of tE = 125 d is also consistent with expectations for self-
lensing ⟨tE⟩ ∼ 100 d for a mean lens mass of 0.35M⊙.

We also note that the self-lensing interpretation is favored
from the absence of an indication of parallax in the light curve
(Assef et al. 2006).

We can combine the LMC data and the SMC data to give a
limit on the halo contribution to the optical depth by supposing
that the SMC optical depth is the sum of a halo contribution,
τsmc−halo = ατlmc (α ∼ 1.4) and a self-lensing contribution τsl.
(We conservatively ignore contributions from LMC self-lensing
and from lensing by stars in the disk of the Milky Way.) For one
observed SMC event with tE = 125 d and zero observed LMC
events, the likelihood function is

L(τlmc, τsl) ∝
[

ατlmcΓ
′
h(tE) + τslΓ

′
sl(tE)
]

exp [−N(τlmc, τsl)]

where N(τlmc, τsl) is the total number of expected events (LMC
and SMC) as a function of the two optical depths as calcu-
lated with equation (8). The function Γ′h(tE) is the distribu-
tion (normalized to unit integral) expected for halo lenses of
mass M (Figure 14) and Γ′sl(tE) is the expected distribution for
SMC self-lensing taken from Graff & Gardiner (1999). We as-
sume the SMC self-lensing optical depth is that calculated by
Graff & Gardiner (1999) though the results are not sensitive to
this assumption. For macho masses less than 1M⊙, the likeli-
hood function is maximized for τlmc = 0 because there are
no LMC events in spite of the greater number of LMC source
stars. For M < 0.1M⊙ the limit on the halo contribution ap-
proaches that one would calculate for no candidates in either
the LMC or the SMC because the observed tE of 125 d is too
long for a halo event. The calculated upper limit is shown as
the dashed line in Figure 15b. In the mass range favored by the
MACHO collaboration, the limit is slightly lower than that us-
ing only the LMC data. The combined limit would be somewhat
stronger if we assumed an oblate halo (α < 1.4) and somewhat
weaker if we assumed a prolate halo (α > 1.4). Constraints on
the shape of the Milky Way halo were recently summarized by
Fellhauer et al. (2006) who argued that the observed bifurcation
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Fig. 15. The top panel shows the numbers of expected events
as a function of macho mass M for the S model of Alcock et al.
(2000b). The expectations for EROS-2-LMC, SMC (this work)
are shown along with those of EROS-1 (Renault et al. 1997) with
contributions from the photographic plate program (Ansari et al.
1996a) and CCD program (Renault et al. 1998). The number of
events for EROS-2-SMC supposes τsmc = 1.4τlmc. In the lower
panel the solid line shows the EROS 95% CL upper limit on
f = τlmc/4.7 × 10−7 based on no observed events in the EROS-
2 LMC data and the EROS-1 data. The dashed line shows the
EROS upper limit on τlmc based on one observed SMC event in
all EROS-2 and EROS-1 data assuming τsmc−halo = 1.4τlmc. The
MACHO 95% CL. curve is taken from Figure 12 (A, no lmc
halo) of Alcock et al. (2000b).

of the Sagittarius Stream can be explained if the halo is close to
spherical.

A possible systematic error in our result could come from
our assumption that the optical depth due to binary lenses is
small, 10% of the total. An alternative strategy would have been
to relax the cuts so as to include the event shown in Figure 8.
We have chosen not to do this because the light curve itself is
not sufficiently well sampled to establish the nature of the event
(other than that it is not a simple microlensing event) and also
because of its anomalous position in the color-magnitude dia-
gram. We note also that the optical depth associated with the
event, τ = 0.7 × 10−8, is a factor ∼ 4 below the upper limit (17).

Another important question concerns the influence on our
results of the Bright-Sample magnitude cut. Since the cut was
not established before the event search, it is natural to ask if the
position of the cut was chosen to give a strong limit. In fact,
elimination of the cut would not change significantly the conclu-

EROS vs MACHO (astro-ph/0607207)
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LIGO gravitational wave detection, primordial black holes and the near-IR

cosmic infrared background anisotropies

A. Kashlinsky1,

ABSTRACT

LIGO’s discovery of a gravitational wave from two merging black holes (BHs) of

similar masses rekindled suggestions that primordial BHs (PBHs) make up the dark

matter (DM). If so, PBHs would add a Poissonian isocurvature density fluctuation

component to the inflation-produced adiabatic density fluctuations. For LIGO’s BH

parameters, this extra component would dominate the small-scale power responsible for

collapse of early DM halos at z>
∼ 10, where first luminous sources formed. We quantify

the resultant increase in high-z abundances of collapsed halos that are suitable for

producing the first generation of stars and luminous sources. The significantly increased

abundance of the early halos would naturally explain the observed source-subtracted

near-IR cosmic infrared background (CIB) fluctuations, which cannot be accounted for

by known galaxy populations. For LIGO’s BH parameters this increase is such that the

observed CIB fluctuation levels at 2 to 5 µm can be produced if only a tiny fraction

of baryons in the collapsed DM halos forms luminous sources. Gas accretion onto these

PBHs in collapsed halos, where first stars should also form, would straightforwardly

account for the observed high coherence between the CIB and unresolved cosmic X-ray

background in soft X-rays. We discuss modifications possibly required in the processes

of first star formation if LIGO-type BHs indeed make up the bulk or all of DM. The

arguments are valid only if the PBHs make up all, or at least most, of DM, but at the

same time the mechanism appears inevitable if DM is made of PBHs.

1. Introduction

LIGO’s recent discovery of the gravitational wave (GW) from an inspiralling binary black hole

(BH) system of essentially equal mass BHs (∼ 30M⊙) at z ∼ 0.1(Abbott et al. 2016b) has led to

suggestion that all or at least a significant part of the dark matter (DM) is made up of primordial

BHs (PBH) (Bird et al. 2016; Clesse & Garćıa-Bellido 2016). In particular, Bird et al. (2016) argue

that this PBH mass range is not ruled out by astronomical observations and the observed rate at

∼(a few) Gpc−3yr−1 (Abbott et al. 2016a) can be accounted for if DM PBHs are distributed in

dense, low velocity-dispersion concentrations which escaped merging. There is abundant motivation

1 Code 665, Observational Cosmology Lab, NASA Goddard Space Flight Center, Greenbelt, MD 20771 and SSAI,

Lanham, MD 20770; email: Alexander.Kashlinsky@nasa.gov

1605.04023



• LIGO merging rates and BH masses

• LIGO BH spins

• M31 & quasar microlensing

• Star cluster and stability of faint dwarf galaxies

• Spatial correlations between CIB and X-ray backgrounds 

Pros & Cons...
Primordial Black holes with 

a broad (σ~0.5-0.8) mass spectrum centered on µ~1-5 Msun
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• LIGO merging rates and BH masses

• LIGO BH spins

• M31 & quasar microlensing

• Star cluster and stability of faint dwarf galaxies

• Spatial correlations between CIB and X-ray backgrounds 

• Pass all the other observational constraints

• Provide seeds for SMBH in the queue of the spectrum

• Provide a solution to the too-big-to-fail and dwarf 
satellite problems

Pros & Cons...
Primordial Black holes with 

a broad (σ~0.5-0.8) mass spectrum centered on µ~1-5 Msun



• No clear observational evidence (yet?)

• Why the mean PBH mass coincides with the BH mass 
from star evolution                                                 
(Fine-tuning?  Formation mechanism?  Other?) 

• Inconsistent merging rates if the model by Sasaki et al.    
is correct

Pros & Cons...
Primordial Black holes with 

a broad (σ~0.5-0.8) mass spectrum centered on µ~1-5 Msun



...and future prospects
• Detecting a BH below the 

Chandrashekar mass (LIGO)

• Numerous merging events 
seen in GW detectors 
(LIGO, VIRGO, ET...)

• GW Stochastic Background 
(PTAs, LISA, LIGO)

• Detecting faint dwarf galaxies 
(DES, Euclid)

• Microlensing surveys (Euclid)

• 21cm signal (SKA)

• CMB distortions (PIXIE)

• Star position and velocities 
(GAIA)
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Clustering allows to distinguish 
stellar and primordial origins 

SC, JGB, 1610.08479

vvirial = 200 km/s
vvirial = 20 km/s
vvirial = 2 km/s
MPBH=30 Msun 
monochromatic
merging rate:
50 yr-1 Gpc-3 

damping:  effect of 
the initial separation dist.

PTA
SKA

LISA LIGO
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matter accretion

X-ray radiation
imprinting 
the CMB 

and 21cm signal
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Other’s approach:

LIGO rates and observations are intriguing, 
so let’s definitively rule out the possiblity 

that Dark Matter is made of PBHs...

Our approach:

LIGO rates and observations are intriguing, 
so let’s find evidences that PBH are there 

with comparable abundances to Dark Matter,...

We will know soon...



Thank you 
for your attention
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Initial clustering effect on the collapse of early binaries


